Assigning a gene's function to specific pathways used for classical conditioning, such as conditioned stimulus (CS) and unconditioned stimulus (US) pathway, is important for understanding the fundamental molecular and cellular mechanisms underlying memory formation. Prior studies have shown that the GABA receptor RDL inhibits aversive olfactory learning via its role in the Drosophila mushroom bodies (MBs). Here, we describe the results of further behavioral tests to further define the pathway involvement of RDL. The expression level of Rdl in the MBs influenced both appetitive and aversive olfactory learning, suggesting that it functions by suppressing a common pathway used for both forms of olfactory learning. Rdl knock down failed to enhance learning in animals carrying mutations in genes of the cAMP signaling pathway, such as rutabaga and NF1, suggesting that RDL works up stream of these functions in CS/US integration. Finally, knocking down Rdl or over expressing the dopamine receptor dDA1 in the MBs enhanced olfactory learning, but no significant additional enhancement was detected with both manipulations. The combined data suggest that RDL suppresses olfactory learning via CS pathway involvement.
Introduction
Classical conditioning is a type of associative learning that can occur when a conditioned stimulus (CS) is integrated with a positive or negative unconditioned stimulus (US) by pairing the two stimuli to generate a conditioned response (CR) after such pairing. Numerous studies in different systems have identified many genes important for this type of learning (Kandel, 2001; Davis, 2005; Murakami, 2007) , but little progress has been made in restricting the function of these genes to the CS pathway, the US pathway, or the integration step that occurs upon CS/US pairing. Placing the function of these genes into the appropriate pathways that support learning is required for assembling a comprehensive framework of learning and to understand the fundamental molecular and cellular mechanisms for learning and memory to occur.
Genes involved in learning and memory have conserved functions between phyla (Davis, 2005) . The powerful molecular biology and genetic tools available for Drosophila melanogaster have provided great utility for studying the mechanisms of learning and memory formation with this organism (Davis, 2005; Vosshall, 2007) . In flies, like other insects, the mushroom bodies (MBs) are the principle brain structures involved in olfactory associative learning and this provides a cellular focus to restrict the function of genes to particular pathways (Davis, 2005; McGuire et al., 2005) .
The gene Rdl encodes a GABA A receptor that is expressed at relatively high levels in the MBs (Harrison et al., 1996; Liu et al., 2007) . Recent studies demonstrated that over expression of Rdl in the MBs during adulthood impairs aversive olfactory learning where flies are trained to associate an odor CS with the US of electric shock. Knocking down Rdl in the MBs enhances this type of learning. Functional imaging reveals that over expression of Rdl inhibits the calcium responses in the MBs toward odor stimuli while knock down of Rdl enhances these responses. Interestingly, the level of Rdl expression has no effect on the response observed in MBs when the flies receive electric shock stimuli (Liu et al., 2007) . These observations lead to the hypothesis that the GABA A receptor RDL may specifically suppress the CS input into the MBs rather than playing a general inhibitory role by suppressing both the CS and US pathways. To further test this hypothesis, we assayed flies with Rdl over expression or knock down using different olfactory learning paradigms and studied the interaction of Rdl with other known learning and memory genes.
Materials and Methods
Fly culture and maintenance. The flies were cultured on standard medium at 25°C, 60% relative humidity and a 12 h light/dark cycle. Flies used for behavior tests were out-crossed into the w(CS10) (Canton-S flies carry-ing the w 1118 mutation) background, which was used as a wild-type control in the lab. The UASRdl and UAS-Rdl-RNAi lines were generated as previously described (Liu et al., 2007) . Learning mutants: rut 1 carries a point mutation in the rut gene (Livingstone et al., 1984) , rut 2080 is associated with a P element insertion (Levin et al., 1992) , and NF1 P1 carries a deletion that removes all of the NF1 gene except for the first exon (Guo et al., 2000) . UAS-dDA1 is a transgene that carries the cDNA of the dDA1 gene down stream of the UAS sequence.
Immunoblotting. The rabbit anti-RDL antiserum was generated as previous described (Liu et al., 2007) . Fly heads were collected and homogenized over liquid nitrogen and then dissolved in Laemmli sample buffer with 5% ␤-mercaptoethanol (Bio-Rad Laboratories). The supernatant equivalent to 3 fly heads was loaded into each lane of the precast SDS-PAGE gel (Bio-Rad Laboratories). Two independent repeat experiments were performed with flies from different crosses. After electrophoresis, the protein was transferred onto a PVDF membrane (Bio-Rad Laboratories) and blotted with 1:100 anti-RDL or 1:2000 dilution of mouse anti-Dynamin (BD Biosciences) antibodies and secondary antibodies (Abcam), and the signal was detected using the ECL Plus Western Blotting Reagent Pack (Amersham Biosciences). The average grayscale intensity of the relevant protein band was measured with NIH ImageJ software and a background region of identical size was subtracted. For each line, the RDL/Dynamin ratio was normalized to the wild-type (ELAV/ϩ) sample.
Aversive and appetitive olfactory learning assay. We performed the aversive olfactory learning assay as previously described (Liu et al., 2007) . Briefly, the flies were exposed sequentially to two odors [benzaldehyde (BEN) and 3-octanol (OCT)] for 1 min each. Only the first odor (CSϩ) was paired with electric shock pulses (US). Immediately after training, the flies were loaded into a T-maze where they faced the choice between two arms, each containing one of the two odors. The flies' avoidance toward the odor previously paired with shock was calculated as the performance index (P.I.), which was the number of flies that responded correctly minus the number of flies that responded incorrectly, divided by total number of the flies. To eliminate naive odor bias, each trial was composed of two simultaneous half trials where we trained one group to associate BEN with shock and the other to associate OCT with shock, and the complete P.I. was the average of these two half P.I.s. We varied the number of shocks used in the training as previously described (Liu et al., 2007) to measure the memory strength as a function of different training intensities. The electric shock pulses were evenly distributed through the 1 min CSϩ exposure, with the last shock always at the end of the CSϩ. For appetitive olfactory learning, flies were collected and kept in food-less vials with a small amount of water in the cotton caps and starved for different periods of time as described in the text. During training, the flies were exposed sequentially to the two training odors for 1.5 min each. The first odor was paired with a dried filter paper (4.5 ϫ 7.8 cm) previously loaded with 400 l of sucrose solutions of varying concentrations, while the second odor was paired with dried filter paper previously loaded with water only. Testing was identical to aversive learning. All chemicals were purchased from Sigma-Aldrich.
Statistical analysis. We performed statistical analyses using StatView software (SAS Institute). For comparisons among multiple groups, oneway ANOVA was performed followed by planned pairwise comparisons between relevant groups using Fisher's PLSD test. Unpaired Student's t tests were used for comparisons between two groups. One-sample Wilcoxon signed-rank tests were used to determine whether performance scores were significantly different from zero.
Results

Knocking down Rdl enhances aversive olfactory learning
We constructed 3 different UAS-RNAi constructs against different exons of the Rdl gene and generated 37 independent transgenic lines carrying these constructs (Liu et al., 2007) . To identify lines with the most pronounced effect, we crossed all 37 lines with a pan-neuronal Gal4 driver, ELAV-Gal4 (Luo et al., 1994) , and prepared immunoblots of bi-genic progeny using an anti-RDL antibody (Liu et al., 2007) . The lines exhibited significant variation in their ability to knock down the expression of RDL protein, ranging from 20 to 100% of the control (Fig. 1 A, B) . We selected 5 lines that showed a significant knock down of Rdl and crossed them to a MB Gal4 driver, c772-Gal4. We pursued experiments centered on the use of this driver because: (1) The driver is rather specific to the MBs, but has some expression in the intrinsic neurons of the antennal lobe. (2) Prior experiments have proven Figure 1 . Knocking down Rdl enhances aversive olfactory learning. A, Summary of the relative Rdl expression levels as determined by Western blotting in 37 independent Rdl RNAi lines driven by the pan-neuronal ELAV-Gal4 driver. Three different Rdl RNAi constructs were prepared that targeted exons 4 -5, 2-7, and 8 -10 (Rdli4 -5, Rdli2-7, and Rdli8 -10, respectively). The RDL/ Dynamin signal ratio was normalized to the ELAV/ϩ control. Five lines (labeled) with large effects on RDL expression were identified for subsequent behavioral studies. Means Ϯ SD are shown, n ϭ 2 for each line. B, Representative Western blot images showing several Rdli8 -10 lines driven by the ELAV-Gal4 driver. Note the significant reduction in the RDL signals for lines G and J. C, Aversive olfactory learning scores for selected Rdl RNAi lines driven by the MB driver, c772-Gal4. Flies were trained using 3 pulses of electric shock during a CSϩ odor presentation of 1 min. All of the Rdl knock down lines showed a significantly enhanced performance index (P.I.) comparing with c772-Gal4 alone control. n ϭ 6 for each group. Means Ϯ SEM; *p Ͻ 0.05; **p Ͻ 0.01 (Fisher's PLSD).
its utility in similar studies. Over expression of Rdl by the c772 driver impairs learning and this effect is due to over expression in the MBs rather than antennal lobes (Liu et al., 2007) . (3) The c772 MB driver is expressed relatively late during development, thus avoiding the lethality associated with driving transgenes with other MB drivers (Liu et al., 2007) . All 5 Rdl RNAi lines driven by the c772 driver displayed a significantly enhanced performance after aversive olfactory conditioning where they were trained to associate odors with electric shock (Fig. 1C) . We have used several of these lines in this study to facilitate the genetic construction of several different variants. These results confirm and extend our previous conclusion that RDL inhibits aversive olfactory learning (Liu et al., 2007) .
RDL inhibits appetitive olfactory learning
To further understand RDL's role in olfactory learning, we trained and tested the flies using an appetitive olfactory learning paradigm. Instead of using electric shock as the US, we trained starved flies to associate a sucrose reward (US) with odors (CS) (Tempel et al., 1983; Schwaerzel et al., 2003; Kim et al., 2007a) . We trained the flies with different concentrations of sucrose to test the learning as a function of US intensity, since recent studies have shown that higher sucrose concentrations produce higher learning performance in both larval and adult Drosophila (Kim et al., 2007b; Schipanski et al., 2008) . All of the groups showed increasing performance scores with increasing concentration of sucrose, but the flies with an Rdl knock down in the MBs showed improved performance compared with controls at 0.5 M and 1.0 M sucrose (Fig.  2 A) . In contrast, flies that over expressed Rdl in the same neurons showed poor performance compared with controls at 1.0 M and 2.0 M sucrose (Fig. 2 B) . Control experiments demonstrated that these flies exhibited normal responses to odors and sucrose for all the groups tested ( Table 1) , indicating that the changes in performance reflected changes in learning rather than sensation. Motivational drive is a critical factor for appetitive learning and memory (Krashes and Waddell, 2008) . To gain insights into this variable, we starved flies for various periods of time and then tested their learning performance. Generally, flies starved for increasing periods of time exhibited an increasing performance; the Rdl knock down group again showed enhanced performance over controls after 7, 12, 15, and 18 h of starvation (Fig. 2C) . These results indicate that RDL inhibits appetitive olfactory learning, like aversive olfactory learning.
Interestingly, we found that for all 3 groups without starvation, and for the 2 control groups with 7 h of starvation, the performance scores were significantly below zero, suggesting that sucrose is an aversive cue without starvation, although the sucrose was presented to the flies in dry form on a filter paper (Fig. 2C) . To eliminate the possibility that this aversiveness was due to an aspect of experimental handling such as tapping and transferring the flies during training, we performed the learning assay using well fed, wild-type flies with and without sucrose. The flies trained with sucrose exhibited a performance score that was significantly less than zero (-0.183 Ϯ 0.048, p Ͻ 0.001), whereas flies trained and tested under identical conditions but without sucrose exhibited a performance score not significantly different from zero (-0.023 Ϯ 0.049, p Ͼ 0.05). These data further suggested that sucrose is aversive to well fed flies. We confirmed this by directly measuring the naive preference of wild-type flies without starvation to a T-maze arm containing sucrose to one without sucrose. Flies exhibited a slight avoidance of the arm containing sucrose (Fig. 2 D) . This observation is consistent with a recent report that pregnant female flies choose egg-laying sites without sucrose over those that contain sucrose (Yang et al., 2008) . We conclude that dry, sucrose-laced filter paper is aversive to well fed flies and can be associated with other sensory stimuli like odors. Starvation overcomes this aversion such that the dry, sucrose-laced filter paper becomes an appetitive cue.
Interaction of Rdl and other learning and memory genes
Since RDL inhibits both aversive and appetitive olfactory learning, it must affect pathways common to both types of learning. The two types of olfactory learning differ in their US pathways, so RDL could either affect the CS pathway that conveys odor information, or potentially a common point downstream of the CS pathway and CS/US integration. To dissect these two possibili- Figure 2 . RDL inhibits appetitive olfactory learning. A, Flies were starved for 18 h and trained using different concentrations of sucrose presented with a 1.5 min exposure to the conditioned odor. Flies carrying the c772-Gal4 driver and the Rdli8 -10G transgene exhibited an enhanced performance. B, Flies carrying the c772-Gal4 driver and a UAS-Rdl-G transgene exhibited poor performance in the appetitive learning assay described in (A). C, Flies carrying the c772-Gal4 driver and the Rdli8 -10G transgene exhibited an enhanced performance after appetitive olfactory conditioning with 1 M sucrose when starved for 7, 12, 15, and 18 h. The performance scores for all three groups with no starvation and for the two control groups after 7 h starvation were significantly lower than zero. D, Wild-type naive flies without starvation showed a significant avoidance of a T-maze arm that contained 1 M sucrose when given a choice of a second arm without sucrose. Means Ϯ SEM are shown for all panels. ties, we performed several experiments to study RDL's role relative to other known gene products involved in olfactory learning.
The cAMP signaling pathway plays an essential role in the MBs to mediate olfactory memory formation in Drosophila (Davis, 2005; McGuire et al., 2005) . The rutabaga (rut) gene encodes an adenylyl cyclase thought to be involved in the acquisition rather than consolidation of learning (Dudai et al., 1988) . The activity of Rut is dependent on both Ca 2ϩ /calmodulin and a G-protein pathway (Levin et al., 1992) , which could correspond to the CS and US inputs into the MBs, similar to the model proposed for classical conditioning in Aplysia (Abrams et al., 1991) . The simultaneous activation by Ca 2ϩ /calmodulin and G-protein stimulation makes Rut a potential coincidence detector for the convergence of the conditioned and unconditioned stimuli in the MBs (Dudai et al., 1988; McGuire et al., 2005) . If RDL inhibits olfactory learning by participating in a process upstream from this CS/US integration, then Rdl knock down should have no effect on the performance of rut mutants. If, however, RDL inhibits olfactory learning by participating in a process downstream from this CS/US integration, then Rdl knock down should potentiate the olfactory learning of rut mutants as it does in wild-type flies.
We found that while a knock down of Rdl on wild-type background enhanced both aversive and appetitive olfactory learning, it failed to enhance either form of olfactory learning on the rut 1 mutant background (Fig. 3 A, B) . The rut 1 allele is a point mutation that abolishes the enzymatic activity of the protein (Levin et al., 1992) . To rule out the possibility that this effect was allele specific, we also tested Rdl knock down on the rut 2080 background, which carries a P element insertion that disrupts the transcription of the rut gene. Again, the learning enhancement normally observed with Rdl knock down was abolished by this allele of the rut gene (Fig. 3C) . These results suggest that the inhibitory effects of RDL on learning occurs upstream of the actions of the Rut adenylyl cyclase.
The tumor-suppressor gene Neurofibromatosis 1 (NF1) encodes a protein that has Ras-GAP activity along with stimulatory activity for the rut-encoded adenylyl cyclase (Guo et al., 1997 (Guo et al., , 2000 Tong et al., 2002) . NF1 mutants exhibit impaired performance after aversive olfactory conditioning Guo et al., 2000; Ho et al., 2007) . NF1 P1 is a mutation lacking most of the NF1 gene due to a P element mediated imprecise excision (Guo et al., 2000) . When we tested the effects of Rdl knock down with another MB driver c739-Gal4, which exhibits a high level of expression in the MB ␣/␤ neurons and low expression in the antennal lobes (Stocker et al., 1997; Armstrong et al., 1998; Akalal et al., 2006) , we again observed an enhancement of performance after aversive learning (Fig. 3D) . However, the c739-Gal4/RdlRNAi combination failed to enhance the performance of NF1 P1 mutants. This suggests that NF1, like the rut-encoded adenylyl cyclase, functions downstream of RDL in learning. The combined results argue that RDL functions independently of the US pathway, and upstream of the Rut/NF1-dependent integration steps. We conclude, therefore, that the effects of RDL are specific to the CS pathway.
In Drosophila, the dDA1 gene encodes a dopamine receptor highly expressed in the MBs (Kim et al., 2003) , and dDA1 mutation completely abolishes olfactory learning (Kim et al., 2007a) . Previous results also show that both RDL and dDA1 are involved in memory acquisition but not memory stability (Kim et al., 2007a; Liu et al., 2007) . Furthermore, it has been suggested that the dopaminergic pathway conveys US information used for aversive olfactory learning (Davis, 1993; Han et al., 1996; Schwaerzel et al., 2003) . If this is true, then simultaneously potentiating the CS pathway with knock down of Rdl and the US pathway by over expressing dDA1 might produce even higher levels of learning.
We tested the effects of manipulating the expression level of these receptors in the MBs. Over expression of dDA1 alone enhanced aversive olfactory learning, similar to the effects of Rdl knock down (Fig. 4) . This observation indicates that the dDA1 receptor expression level in a wild-type background limits performance. Combining the two transgenes did not produce a further significant enhancement over the effects of either single transgene. These results are consistent with the possibility that the over expression of the dDA1 receptor or knock down of RDL enhances learning through distinct mechanisms, but that either is sufficient to produce ceiling levels of performance. Alternatively, the dDA1 receptor may play some role in the CS pathway, thus overlapping the effects of RDL.
Discussion
The level of Rdl expression in the MBs affects the calcium response observed in these neurons when animals are presented with odor but not shock stimulus (Liu et al., 2007) . This provided the basis for hypothesizing that RDL might specifically regulate the CS pathway for olfactory learning. Data presented here showed that the level of Rdl expression the MBs influenced both aversive and appetitive olfactory learning, which share a common CS pathway. Thus, these observations are consistent with the CS pathway-specific hypothesis. Rdl knock down failed to produce enhanced learning when combined with mutations of either the rut or NF1 gene, both of which may be involved in the process of integration of CS and US information. This observation argues against the possibility that RDL acts downstream of CS/US integration, providing further support for RDL's role in the CS pathway.
Prior experiments have shown that blocking neurotransmitter release from dopaminergic neurons impairs aversive olfactory learning but not appetitive olfactory learning, while blocking the synthesis of octopamine impairs appetitive olfactory learning but not aversive olfactory learning (Schwaerzel et al., 2003) . This is consistent with the simple model (Davis, 1993; Han et al., 1996 Han et al., , 1998 that the neuromodulators are involved in US pathways for learning, with octopamine delivering only appetitive US (sugar) and dopamine delivering only aversive US (electric shock). This model also suggests that increasing the expression level of dDA1 will increase aversive US input, and thereby enhance aversive learning, as long as other factors such as dopamine release are not limiting. We tested this possibility and provided evidence for increased performance with increased expression of dDA1 in the Flies were exposed to odors and sucrose of the same concentrations as used in the learning assays (0.2% BEN, 0.4% OCT, and 1 M sucrose) during the control experiments. There were no statistically significant differences among any of the groups for each of the individual experiments (separated by table boundaries). n ϭ 8 for each group. Means Ϯ SEM are shown.
MBs. Since knocking down Rdl increases the CS signal, it follows that combining over expression of dDA1 with knock down of Rdl might enhance learning synergistically, and produce an even greater enhancement of learning. However, we did not detect any synergism between these two: although dDA1 over expression alone and Rdl knock down alone both enhanced olfactory learning, the combined treatments failed to produce a significantly higher performance score than either treatment alone (Fig. 4) . Two possible hypotheses can account for these results. The learning enhancement of either treatment produces performance close to ceiling levels, where no further enhancement can be detected. Alternatively, the dDA1 receptor, and thus the dopamine system, plays some role in the CS pathway that overlaps with RDL, such that the two learning enhancing effects do not sum. We prefer the later possibility for two reasons. First, functional imaging of the dopaminergic neurons projecting to the MBs using calcium reporters has revealed that these neurons respond not only to shock stimuli presented to the fly, but also to odor stimuli (Riemensperger et al., 2005) (M. Mao and R. L. Davis, unpublished observations) . This indicates that the response properties of these neurons are not specific to the US pathway, which is predicted by the "US pathway only" hypothesis. Rather, dopaminergic neurons respond to the CS and are therefore intertwined in some way with the CS pathway. Second, flies mutant for the dDA1 gene exhibit impairment in both aversive and appetitive olfactory learning, both of which can be rescued by expressing dDA1 in the MBs (Kim et al., 2007a) . This observation suggests that dDA1 may play a role in the CS pathway like RDL. An overriding conclusion is that the model (Davis, 1993; Han et al., 1996 Han et al., , 1998 envisioning aversive and appetitive specific US pathway roles for dopamine and octopamine, respectively, is overly simplistic Our results suggest that the GABA A receptor RDL regulates the CS pathway in Drosophila olfactory learning. The conclusion that the GABA A receptor modulates the CS pathway for learning is not limited to either insects or learning supported by olfactory cues. During taste aversion learning in mice, pre-exposure to the CS of the tastant alone causes latent inhibition where the mice show reduced learning to the CS after pairing the CS with the US. This phenomenon is distinctly absent in male mice carrying a point mutation in the ␣5 subunit of the GABA A receptor, which is highly expressed in the hippocampus (Gerdjikov et al., 2008) . Since CS information is the only stimulus presented during the pre-exposure period, these results support the role of GABA A receptors in regulating the CS pathway. Extinction is another type of learning where repeated exposure to the CS alone after CS/US conditioning reduces the CR. Systemic administration of a GABA A receptor antagonist blocks the development and expression of extinction in rats during contextual fear learning (Harris and Westbrook, 1998) . Since extinction trials are composed of the CS exposure by itself, these results also indicate that GABA A receptors modulate the CS pathway. Moreover, other studies have shown that the surface expression of GABA A receptors increases in the basolateral amygdala after extinction trials following fear conditioning (Chhatwal et al., 2005) . These results indicate that CS exposure alone during extinction is sufficient to modulate the cellular trafficking of GABA A receptors, again indicating a role for GABA A receptors in the CS pathway. Our results, together with these previous studies, strongly indicate that GABA A receptors regulate the CS pathway for associative learning.
A role for GABA A receptors in suppressing learning by regu- Figure 3 . Knocking down Rdl does not enhance learning in learning mutants defective in the cAMP pathway. A, Flies were trained using 3 pulses of electric shock during a CSϩ odor presentation of 1 min. Flies carrying either Rdl RNAi2-7E2 or RNAi4 -5E driven by c772-Gal4 showed significantly enhanced aversive learning. When combined with rut 1 , they failed to show any enhancement. B, Flies were starved for 16 h and trained using 1 M sucrose during a CSϩ odor presentation of 1.5 min. While flies carrying the two Rdl RNAi lines driven by the c772-Gal4 driver showed significantly enhanced appetitive learning, they failed to show any learning enhancement when combined with rut 1 . C, Flies were trained using 3 or 12 pulses of electric shock during a CSϩ odor presentation of 1 min. While flies carrying the c772-Gal4 driver and the Rdli8 -10J transgene showed enhanced aversive learning on the wild-type background, they failed to show any learning enhancement on the rut 2080 mutant background. D, Flies were trained using 3 pulses of electric shock during a CSϩ odor presentation of 1 min. While flies carrying another MB driver c739-Gal4 and the Rdli2-7E2 transgene showed enhanced aversive learning on the wild-type background, they failed to show any learning enhancement on the NF1 P1 mutant background. For all panels, n ϭ 6 for each group under each condition. Means Ϯ SEM; *p Ͻ 0.05; **p Ͻ 0.01 (Fisher's PLSD); n.s., not significant. lating the CS pathway has at least two broad implications. First, it suggests that the receptors provide a gate to the association center (MBs). Other molecules may also provide similar gates, but learning must overcome this negative influence for memory formation to occur. This gate is probably nonspecific relative to odor type, that is, the GABA A receptor gate suppresses learning to most or all odors. It follows that learning must mobilize cellular mechanisms for overriding the gate. These could be at the level of the presynaptic GABAergic neurons, such that the presynaptic neurons release less neurotransmitter after learning, or they could be at the level of the postsynaptic receptor, with receptor expression, sensitivity, or conductance altered by learning. We have previously provided evidence for a reduced presynaptic release following learning (Liu and Davis, 2009 ), but postsynaptic mechanisms may occur as well (Chhatwal et al., 2005) . Second, events or processes that alter the salience of the CS and its ability to enter into associations might function via altering the presynaptic GABAergic release or the postsynaptic GABA A receptors. For instance, spaced conditioning is generally more effective in producing long-lasting memories compared with massed conditioning (Tully et al., 1994; Beck et al., 2000) . It is possible that the rest period between spaced conditioning trials allows for receptor desensitization, producing a more effective subsequent training trial. Memory acquisition becomes more difficult with age. It could be that aging alters the fluidity of the GABA A receptor gate, making acquisition more difficult. . Knocking down Rdl and over expressing dDA1 enhances learning nonsynergistically. Flies were trained using 1, 2, and 3 pulses of electric shock during a CSϩ odor presentation of 1 min. Flies carrying the c772-Gal4 driver and either the Rdli4 -5P or the UAS-dDA1 transgene exhibited enhanced learning. Combining both transgenes failed to produce a further enhancement over either single treatment. n ϭ 12 for each group for 1 and 3 shocks; n ϭ 18 for the 2 shock groups. Means Ϯ SEM; *p Ͻ 0.05; **p Ͻ 0.01 (Fisher's PLSD).
